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Edited by Gianni CesareniAbstract We investigated the morphological changes accompa-
nying soldier diﬀerentiation in the damp-wood termite Hodo-
termopsis sjostedti. Genes expressed in the developing
mandibles, which undergo the most remarkable morphological
changes during soldier diﬀerentiation, were screened using ﬂuo-
rescent diﬀerential display. Database searches for sequence sim-
ilarities were conducted and the relative expression levels were
then quantiﬁed by real-time polymerase chain reaction. Among
the identiﬁed candidate genes, 12 genes were upregulated during
soldier diﬀerentiation. These included genes for cuticle proteins,
nucleic acid binding proteins, ribosomal proteins and actin-bind-
ing protein, which were inferred to be involved in caste-speciﬁc
morphogenesis in termites.
 2005 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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diﬀerentiation1. Introduction
The caste diﬀerentiation of social insects involves morpho-
logical changes, which make task allocation eﬃcient and en-
able them to occupy huge ecological abundance [1]. Caste
diﬀerentiation is considered the most remarkable example of
polyphenism, in which individuals with the same genetic back-
ground express various phenotypes according to environment
[2]. Although the mechanism by which social insects produce
polyphenotypes has attracted broad interest, e.g. [3,4], little
is known about the molecular basis of caste determination
and developmental regulation. In recent years, molecular biol-
ogy techniques have been applied to research of social insects
[5–7]. Although a honeybee (Hymenoptera, Apidae) has been
particularly studied as the model organism for brain function
and behavior, e.g. [8,9], caste diﬀerentiation also has been
extensively studied [10–12]. Regulation mechanisms for wing
polymorphism have been studied in ants (Hymenoptera,
Formicidae) [13,14].*Corresponding author. Fax: +81 11 706 4524.
E-mail address: miu@ees.hokudai.ac.jp (T. Miura).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.01.031Termites (Isoptera) constitute another major social insect
group, which is phylogenetically distant from Hymenoptera.
Since termites show hemimetabolous development, immature
individuals also possess similar body patterns to adult insects,
and therefore play important roles in their colonies [15]. In
addition, the existence of soldiers is a remarkable characteristic
in termites. Soldiers are completely sterile and decisively
important for colony defense [16]. In previous studies, the sol-
dier-speciﬁc gene expression in the damp-wood termite was re-
ported [17] and the expression proﬁle among castes has been
investigated in the subterranean termite [18]. While gene
expression proﬁles were compared among castes in these stud-
ies, changes of gene expression during the process of caste dif-
ferentiation have not yet been investigated, although it is a
crucial step in understanding how castes are generated.
We investigated the morphological changes during soldier
diﬀerentiation in the damp-wood termite, Hodotermopsis sjos-
tedti. Although the caste diﬀerentiation patterns vary among
termite species, the pattern of H. sjostedti is relatively simple
and suitable for experimental analysis [19,20]. In this species,
the caste designated as ‘‘pseudergate’’, which literally means
‘‘false worker’’ because of their potential to diﬀerentiate into
winged alate [21,22], also has potential to diﬀerentiate into pre-
soldier and then to soldier termites. The pseudergate does not
only have the totipotency to diﬀerentiate into other castes but
also undergoes the molting to a pseudergate again, and thus
this molting is called stationary molt. The alternative possibil-
ity to diﬀerentiate or to remain as the pseudergate is important
adaptation to guarantee the colony homeostasis [15].
During soldier diﬀerentiation in H. sjostedti, morphological
changes such as allometric growth of the anterior parts of the
body are observed [23]. The most remarkable morphological
change during diﬀerentiation is mandibular elongation. In the
case of the stationary molt, through which a pseudergate molts
to a pseudergate again, new mandibles with smooth surfaces
are formed inside of old mandibular cuticles. In contrast, in
the presoldier molt (pseudergate to presoldier), numerous folds
are formed on the surface of new mandibles, which enable
immediate expansion after ecdysis [24]. Since we can compare
the presoldier molt with the stationary molt (Fig. 1), the process
of mandibular morphogenesis provides an experimental system
suitable for studying the diﬀerential development between the
castes of a social insect. This phenomenon is also regarded as
a typical case of exaggerated morphology, with implications
for regulatory mechanisms and evolutionary aspects [25].blished by Elsevier B.V. All rights reserved.
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Fig. 1. The caste developmental pathway of H. sjostedti and stages
from which total RNA was extracted. Pseudergates normally molt to
pseudergates again (stationary molt) in laboratory rearing conditions.
After application of JHA (pyriproxyfen), pseudergates molt to
presoldiers [28]. Boxed letters indicate the castes (PE, PS, and S),
and circled letters indicate the stages in the course of developmental
change (1wk, 2wk, and SM), from which total RNA was extracted.
2wk is the stage in which the speciﬁc mandibular morphogenesis was
observed [24].
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termites, juvenile hormone (JH) is known to play important
roles, although the proximate mechanism of JH regulation re-
mains unknown. However, lots of previous studies showed
that the high JH titer induces soldier diﬀerentiation, e.g.
[26,27]. This means that there are a number of molecules that
are involved in the signal transduction around hormonal ac-
tions and in the developmental regulation during morphogen-
esis. The present study was designed to clarify the molecular
mechanisms responsible for diﬀerences in mandibular morpho-
genesis. For this purpose, we screened for genes diﬀerentially
expressed in developing mandibles during soldier diﬀerentia-
tion. Among the cDNA fragments obtained by screening, the
candidates that showed homology to known sequences on
the database were analyzed by real-time PCR to quantify their
expression levels. Based on our results, we discuss the function
of those genes in relation to the morphogenesis during soldier
diﬀerentiation.2. Materials and methods
2.1. Insects and RNA extraction
Colonies of Hodotermopsis sjostedti Holmgren (Isoptera, Termopsi-
dae) were sampled from rotten wood in evergreen forests on Yaku-
shima Island, Kagoshima Prefecture, Japan, in May 2002 and May
2003. They were maintained in the laboratory as stock colonies at
approximately 25 C. In order to detect gene expression during soldier
diﬀerentiation, individuals of various stages in the course of diﬀerenti-
ation were prepared (Fig. 1). Using the artiﬁcial induction method of
soldier diﬀerentiation by JHA (JH analog; pyriproxyfen) [28], experi-
mental stages designated as 1wk (1 week after JHA application, 120
individuals), 2wk (2 weeks after JHA application, 120 individuals)
and PS (presoldier, 90 individuals) were obtained. The morphological
normality of the induced presoldier had already been conﬁrmed by
morphometric measurements [23]. The individuals of PE (pseudergate,
120 individuals), S (soldier, 90 individuals) and SM (pseudergate be-
fore stationary molt, 48 individuals) were selected from the stock col-
ony and used for RNA extraction. Individuals of the category SM were
identiﬁed by their whitish abdomens due to preparation for the next
molt. There is almost no possibility that individuals undergoing soldier
diﬀerentiation got mixed into this category, because almost all pseuder-gates undergo stationary molt in normal rearing conditions in the lab-
oratory. We conﬁrmed the fate of several individuals randomly
extracted from the category SM and found that all of them underwent
stationary molt (n = 11). Mandibles were dissected from all individu-
als, frozen in liquid nitrogen, and preserved at 80 C. Total cellular
RNA was extracted using the RNAgents total RNA extraction system
(Promega).2.2. Fluorescent diﬀerential display
Fluorescent diﬀerential display (FDD) was performed using the total
RNA of the stages of PE, 1wk, 2wk, PS and S, essentially as described
previously [17,29] with a modiﬁcation to use ﬂuorescence detection
[30,31]. Total RNA (6 lg) was treated with 1.5 units of DNase I and
then reverse transcribed with 300 units of Super Script II (Invitrogen)
with 120 pmol of an anchored oligo(dT) primer with a BamHI site
(Bam-TG primer, 5 0-CCC GGA TCC T15 G-30). The resulting samples
were ampliﬁed by PCR in the reaction mixtures (20 ll) with 20 combi-
nations of arbitrary 10-mers with a HindIII site (HindIII-1 to -20 prim-
ers, 5 0-CGG GAA GCT TN12-3 0, where N is any base, 4 lM) [32],
Rhodamine-labeled Bam-TG primer (20 lM) and AmpliTaq Gold
polymerase (0.5 units, Applied Biosystems). The PCR conditions were:
(94 C for 10 min, 37 C for 5 min, and 72 C for 5 min) for 1 cycle plus
(94 C for 30 s, 55 C for 1 min, and 72 C for 1 min) for 35 cycles plus
an extra 72 C for 5 min. The PCR products were separated on a dena-
turing 6% polyacrylamide gel and then scanned on a ﬂuorescence im-
age analyzer, FMBIO II Multi-View (Hitachi Software, Tokyo,
Japan). To ensure that the electrophoresis proﬁle was reproducible,
duplicate PCRs were performed.2.3. Subcloning and sequencing
Bands of interest were excised, the gel was boiled in 100 ll of dis-
tilled water, and the DNA was reampliﬁed by PCR with the primer
combination used in FDD. The reaction mixtures (100 ll) contained
HindIII-1 to -20 primers (4 lM), Bam-TG primer (20 lM), 5 ll of
the gel solution, and Pfu polymerase (2.5 units, Stratagene). The
PCR conditions were: 94 C for 1 min plus (94 C for 30 s, 55 C for
30 s, and 72 C for 3 min) for 40 cycles plus an extra 72 C for
5 min. The reampliﬁed DNA was subcloned in pGEM-3Zf(+) vector
at the SmaI site and transfected into Escherichia coli JM 109. The
nucleotide sequences were determined with a DyeTerminator cycle
sequencing kit and an automatic sequencer model 373S (Applied Bio-
systems). Database searches for homologies were performed using
BLAST X at the NCBI server (www.ncbi.nlm.nih.gov/BLAST/).
2.4. Real-time quantitative PCR
In addition to the stages used in the FDD analyses, the stage of SM
was added for the quantitative PCR to take account of normal gene
expression before every molt. Total RNA from mandibles was reverse
transcribed under the conditions described above, except that random
hexamer primers were used instead of Bam-TG primer. Relative quan-
tiﬁcation of cDNAs was performed using a SYBR Green I chemistry
system and sequence detection system ABI PRISM 7000 (Applied Bio-
systems). As endogenous control of constitutive expression, we used
18S rRNA gene sequences (Accession No. AF220567) [33]. Primers
of both target and endogenous control were designed using the Primer
Express software (Applied Biosystems). Data analysis was performed
according to a users manual [34]. The statistical analysis was per-
formed using usual methods of multiple comparisons (One-way ANO-
VA, Tukeys HSD test), using the statistical software SYSTAT (SPSS,
Chicago, IL).3. Results
3.1. Cloning cDNAs by FDD
Based on the diﬀerential screening, we obtained 81 bands
that appeared during soldier diﬀerentiation (1wk, 2wk, PS,
and S), and the sequenced clones were serially numbered as
‘‘primer no. – band no.’’ (Fig. 2). Among them, the BLAST
X searches showed that 17 sequences had putative homologous
sequences (acceptable line: e-value < 1.0) on the database (last
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Fig. 2. The band patterns from ﬂuorescent diﬀerential display. The
bands representing upregulated genes in the soldier diﬀerentiation
pathway were excised and sequenced. White numbers on a black
background indicate the sequences that match sequences in the
database (see also Table 1). In many cases, the expression level was
highest in the 2wk stage, which was coincident with the period of
speciﬁc morphogenesis.
S. Koshikawa et al. / FEBS Letters 579 (2005) 1365–1370 1367access on Sept. 13, 2004). However, they could be integrated
into 13 sequences, because clones 1 and 4 were identical to part
of clones 1-2, and clones 1-6, and clones 8-3 were identical to
part of clones 1-5. They were provisionally termed, based on
the function of the similar sequences on the database, starting
with the abbreviated nomenclature of the focal termite, as
‘‘Hsj + name of homologous gene’’ (Table 1). These sequences
were submitted to the DDBJ/EMBL/GenBank database
(Accession Nos.: AB194729, AB194730, AB194731,
AB194732, AB194733, AB194734, AB194735, AB194736,
AB194737, AB194738, AB194739, AB194740, and
AB194741). The alignments of these sequences and similar se-
quences in the database are available on request.
3.2. Quantiﬁcation of expression level by real-time PCR
We investigated the relative expression level of candidate
genes using real-time quantitative RT-PCR (Fig. 3). One of
the candidates, HsjALDH, did not show strong expression
during soldier diﬀerentiation, and was considered a false posi-
tive in the diﬀerential display (data not shown). Among the
others, four types of cuticle protein genes and HsjCib showed
marked diﬀerences in expression among the stages. Although
HsjSAP yielded a strong band only in S stage in the diﬀerential
display screening, it showed strong expression also in 2wk and
PS stages in real-time PCR, which was not fully consistent with
diﬀerential display. The other six candidates, HsjRpS24, HsjS-
tau, HsjU2AF, HsjRhoGEF, HsjDJ-1, and HsjRpL29, showed
results similar to diﬀerential display, even though the diﬀerence
in expression level among stages was smaller than those of the
cuticle protein genes or HsjCib. Although it is generally known
that the diﬀerential display method tends to produce many
false positives, in our analysis most of the diﬀerential display
candidates showed actual diﬀerences in expression level among
the stages. The reason for the relatively few false positives was
thought to have been the use of primers tested by Linskens
et al. [32], ﬂuorescent detection [31], and real-time PCR instead
of Northern hybridization for conﬁrmation of expression. In
HsjDJ-1, the highest expression was observed in stage 1wk
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Fig. 3. Expression levels of various genes measured by quantitative real-time PCR. The relative expression level was calibrated using the mean
expression level of PE as 1.0. Data are calibrated means ± S.D. values (n = 3). The diﬀerent letters (a–d) over bars denote signiﬁcant diﬀerences
between the bars (one-way ANOVA followed by Tukeys HSD test, P < 0.05). All raw data and results of statistical tests are available upon request.
1368 S. Koshikawa et al. / FEBS Letters 579 (2005) 1365–1370compared with all the other stages. HsjCP4 was expressed
higher in PS, HsjSAP was higher in 2wk and PS, and HsjStau
was higher from 1wk to S during soldier diﬀerentiation.
Among the other eight genes, the highest expression levels were
observed in 2wk (one-way ANOVA followed by Tukeys HSD
test, P < 0.05).4. Discussion
4.1. Caste-speciﬁc cuticle proteins
Cuticle proteins are major components of cuticles and are
widely observed in arthropods [35]. The sequence of each of
HsjCP1, HsjCP2, HsjCP3, and HsjCP4 has the highest se-
quence match, respectively, with a diﬀerent known sequence
of cuticle protein. They have typical AAPA/V motifs in their
putative amino acid sequences, which means they are common
types of cuticle proteins. HsjCP1 and HsjCP2 have the R&R
consensus sequence (G-x(7)-[DEN]-G-x(6)-[FY]-x-A-[DGN]-
x(2,3)-G-[FY]-x-[AP]-x(6)), which was thought to be the chi-
tin-binding domain [36,37]. The e-value between HsjCP4 and
BC-NCP2 (e = 0.51) is not signiﬁcantly high, despite the close
relationship of termites and cockroaches. However, we pre-
sumed that HsjCP4 actually codes a cuticle protein, because
it contains AAPA/V motif and ‘‘16 residue sequence motif’’
[38], which are characteristics of cuticle proteins.Interestingly, the stages with highest expression level were
diﬀerent among these cuticle protein genes. HsjCP1,
HsjCP2, and HsjCP3 were most strongly expressed at the
2wk stage, while HsjCP4 was exclusively expressed at the
PS stage. This report describes the ﬁrst example of diﬀeren-
tial expression of cuticle protein genes among castes in ter-
mites. Generally, insects have dozens of cuticle proteins
and use them appropriately according to stages or body
parts. Recent research has revealed the relationships among
cuticular properties, composition, ingredients, and structure,
e.g. [39]. The comprehensive search for cuticular proteins
may help to clarify the specialized cuticular properties of ter-
mite castes.
4.2. Genes regulating mRNA localization, transcription, and
translation
In the present screening, the majority of obtained genes en-
coded regulatory factors for signal transduction, mRNA local-
ization, transcription, or translation. This result should be
noted, because it indicates that the expression of genes partic-
ipating in mandibular morphogenesis during soldier diﬀerenti-
ation is regulated by multiple pathways and/or at multiple
levels.
The SAP domain is known as the DNA-binding domain of
various proteins, such as the regulator of chromosomal orga-
nization [40]. HsjSAP was expressed most highly in 2wk and
S. Koshikawa et al. / FEBS Letters 579 (2005) 1365–1370 1369PS stages, while its expression was downregulated in SM. This
gene might function through DNA-binding, although its de-
tailed function remains unclear because of limited sequence
obtained from the present screening.
Staufen encodes an RNA-binding protein, which is expressed
in various organisms and developmental stages [41]. It is known
to be expressed in oocytes, eggs, neuroblasts of Drosophila, and
neuronal cells of mammals. In H. sjostedti, the expression level
of HsjStau began to increase at the 1wk stage and reached the
highest level in 2wk to S stages. The protein products of HsjS-
tau are inferred to have an mRNA localization function in the
process of epidermal morphogenesis or neural modiﬁcation
during soldier diﬀerentiation, because the major tissues in man-
dibles consist of epidermal and nerve tissues.
U2AF is an essential component of spliceosomes and regu-
lates alternative splicing in some cases [42,43]. The expression
level of HsjU2AF increased during soldier diﬀerentiation,
reaching a peak in the 2wk stage, while it did not increase in
SM. Based on these results, we speculate that splicing is accel-
erated during soldier diﬀerentiation compared to normal molt,
or possibly, caste-speciﬁc alternative splicing might be pro-
cessed in soldier diﬀerentiation.
RhoGEF is a guanine nucleotide exchange factor, which is
involved in signal transduction during epidermal morphogen-
esis [44,45]. HsjRhoGEF showed the strongest expression in
the 2wk stage and, thus, we presume that this gene is
involved in epidermal morphogenesis through its function
as a mediator of cellular signal transduction during soldier
diﬀerentiation.
Although DJ-1 was originally reported as an oncogene [46],
it has gained attention in recent years as a gene associated with
Parkinsons disease [47]. Several molecular functions, such as
regulation of an RNA-binding protein, were also reported
[48]. HsjDJ-1 was upregulated in all observed stages except
PE, and the level was the highest in the 1wk stage. However,
since the expression levels of 2wk and SM were about the
same, this gene may function in both molting events. HsjDJ-
1 might be involved in transcriptional regulation during molt-
ing processes.
HsjRpL29 and HsjRpS24, which were considered genes for
ribosomal proteins, were expressed strongly in the 2wk stage.
In honeybees, the expression of some kinds of ribosomal pro-
teins was upregulated in the process of larval development and
was related to caste development [11]. In H. sjostedti, expres-
sion levels of ribosomal proteins are also considered to be opti-
mized for controlling development through translational
regulation.
4.3. Ciboulot homolog and its relation to cellular morphogenesis
In Drosophila, the gene for the actin-binding protein, cibou-
lot (cib), was cloned as the essential factor for neurogenesis
during metamorphosis [49]. The Ciboulot protein was thought
to modulate cellular morphology through regulating actin
polymerization [49]. The expression level of HsjCib in the
2wk stage was more than 20-times stronger than that in PE.
In the previous study, we demonstrated that the mandibular
epidermis showed speciﬁc morphogenesis accompanied by
cell-shape modiﬁcation at the 2wk stage [24]. HsjCib may be
involved in such epidermal morphogenesis through controlling
actin polymerization, although it is possible that it is involved
in neural or muscular modiﬁcation.5. Conclusion
The genes obtained in the present screening were mainly cuti-
cle proteins and putative regulatory factors for development
and morphogenesis. These results were eﬃciently obtained, be-
cause the study object was restricted to the mandible, which is a
relatively simple organ, and the stages during soldier diﬀerenti-
ation were obtained using artiﬁcial induction by JHA.
The interactions among the genes obtained in the present
study, and other genes that are expected to be involved in
the process of caste diﬀerentiation, are the important subjects
of further research to elucidate the entire mechanism of caste-
speciﬁc morphogenesis. For example, the expression of HsjRh-
oGEF implicates the actions of a large number of related
molecules for signal transduction, such as Rho family GTP-
ases, kinases, and actin-regulatory proteins. In addition, a high
JH titer causes soldier diﬀerentiation in many termite species,
and therefore the regulation of JH titer and the response to
JH is the most important step for control of diﬀerentiation
[26,27]. The present study screened genes from one or two
weeks after JHA application to focus on morphogenesis, which
might not represent genes directly responsive to JH, rather cor-
respond to downstream genes. It is possible that the methods
of this study will be applied in future studies to reveal the
switching mechanism of caste determination just downstream
of the JH action. Combined together, such studies will help
us to understand the whole mechanism of caste diﬀerentiation
in termites.
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